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Abstract

In systemsconsistingof multiple clusters of proces-
sors which employ space sharing for scheduling jobs,
such as our DistributedASCI1 Supercomputer(DAS),co-
allocation,i.e., thesimultaneousallocationof processorsto
singlejobsin multipleclusters,mayberequired. In thispa-
perwestudytheperformanceof several schedulingpolicies
for co-allocatingunordered requestsin multiclusterswith
a workloadderivedfrom the DAS.We find that besidethe
policy, limiting the total job sizesignificantlyimprovesthe
performance,andthat for a slowdownof jobsdueto global
communicationboundedby

�������
, co-allocationis a viable

choice.

1 Intr oduction

Over the last decade,clustersand distributed-memory
multiprocessorsconsistingof hundredsor thousandsof
standardCPUshave becomevery popular. In addition,re-
centwork in computationalanddatagrids[2] enablesappli-
cationsto accessresourcesin differentandpossiblywidely
dispersedlocationssimultaneously—thatis, to employpro-
cessorco-allocation—toaccomplishtheirgoals,effectively
creatingsingle multiclustersystems. Schedulingparallel
jobs in single-clustersystemshasreceived very muchat-
tention. In this paperwe studyschedulingin multicluster
systems,andwerestrictourselvesto rigid jobs(whichhave
predefined,fixedsizes)andto spacesharing,in which jobs
run to completiononexclusively allocatedprocessors.

We evaluatethe performance(in terms of averagere-
sponsetimesandmaximalutilization)of severalscheduling
policiesfor co-allocatingunorderedrequests—thesespec-

1In thispaper, ASCI refersto theAdvancedSchoolfor Computingand
Imagingin TheNetherlands,which cameinto existencebefore,andis un-
relatedto, theUS AcceleratedStrategicComputingInitiative.

ify the numbersof processorsto be allocatedin different
clusters,but not theactualclusters—inmulticlusterswith a
workloadderivedfrom a real system.For comparison,we
assesstheperformanceof totalrequests,whichonlyspecify
the total numbersof processorsneeded,equalto the num-
bersrequiredby unorderedrequests,in a singleclusterof
thesametotalsize.Thebestmulticlusterpolicy turnsout to
beLS (for eachclusterthereis a localqueueandall jobsgo
to thosequeues;multi-componentjobsarespreadacrossthe
clusters,single-componentjobsarescheduledon the local
clusters);if we considerthe grossutilization (includesthe
wide-areacommunication),in somecasesLS even comes
closeto usingFCFSfor total requestsin a single cluster.
However, in multiclustersa large amountof utilization is
spenton global communication,andwhencomparingthe
net utilization (takesinto accountonly the computations
andthelocalcommunication)thesingle-clustersystemper-
formsbetter. Althoughthechoiceof policy doesmatterfor
theperformance,wefoundthatthelargestimprovementcan
beobtainedfrom simply limiting thetotal job size.

In previouspapers[6, 7, 8], we have assessedthe influ-
enceon themeanresponsetime andmaximalutilization of
the job structureand size, the sizesof the clustersin the
system,theratio of thespeedsof local andwide-areacom-
munications,andof thepresenceof a singleor of multiple
queuesin thesystem.

Ourfive-clustersecond-generationDistributedASCISu-
percomputer(DAS) [1, 12] (andits predecessor),whichwas
animportantmotivationfor this work, wasdesignedto as-
sessthe feasibility of running parallelapplicationsacross
wide-areasystems[14]. In the mostgeneralsetting,grid
resourcesarevery heterogeneous;in this paperwe restrict
ourselvesto homogeneousmulticlustersystemssuchasthe
DAS. Showing the viability of co-allocationin suchsys-
temsmayberegardedasa first stepin assessingthebenefit
of co-allocationin moregeneralgrid environments.



2 The model

In thissectionwedescribeourmodelof multiclustersys-
temsbasedon theDAS system.

2.1 The DAS system

TheDAS (in fact theDAS2, thesecond-generationsys-
temwhich wasinstalledat the endof 2001whenthe first-
generationDAS1 systemwas discontinued)[1, 12] is a
wide-areacomputersystemconsistingof five clustersof
dual-processornodes,onewith 72, the otherfour with 32
nodeseach. The clustersareinterconnectedby the Dutch
universitybackbonefor wide-areacommunications,while
for localcommunicationsinsidetheclustersMyrinet LANs
areused.Thesystemwasdesignedfor researchon parallel
anddistributedcomputing.OnsingleDAS clustersthePBS
scheduler[4] is used,while jobsspanningmultipleclusters
canbesubmittedwith Globus[3].

2.2 The structure of the system

Wemodela multiclustersystemconsistingof � clusters
of processors,of possiblydifferentsizes.Weassumethatall
processorshave thesameservicerate. By a job we under-
standa parallelapplicationrequiringsomenumberof pro-
cessors,possiblyin multiple clusters(co-allocation). Jobs
arerigid, sothenumbersof processorsrequestedby andal-
locatedto a job arefixed. We call a taskthe part of a job
that runson a singleprocessor. We assumethat jobsonly
requestprocessorsandwedonot includein themodelother
typesof resources.For interarrivaltimesweuseexponential
distributions.

2.3 The structure of job requestsand the place-
ment policies

Jobsthatrequireco-allocationhave to specifythenum-
ber and the sizesof their components,i.e., of the setsof
tasksthathave to go to theseparateclusters.A job is repre-
sentedby atupleof � values,atleastoneof whichis strictly
positive.

We considerunordered requests, whereby the compo-
nentsof thetuplethejob only specifiesthenumbersof pro-
cessorsit needsin theseparateclusters,allowing thesched-
uler to choosethe clustersfor the components.For com-
parisonwe introducetotal requests, wherethereareonly
single-componentjobs, scheduledin a single-clustersys-
temwith FCFS.Unorderedrequestsmodelapplicationslike
FFT, wheretasksin thesamejob componentsharedataand
needintensive communication,while tasksfrom different
componentsexchangelittle or no information. To deter-
minewhetheranunorderedrequestfits, we try to schedule
its componentsin decreasingorderof theirsizesondistinct

Table 1. The fractions of jobs with sizes pow-
ers of two

total job size fractionof thejobs

1 0.091
2 0.130
4 0.087
8 0.066
16 0.090
32 0.039
64 0.190
128 0.012

clusters.We useWorst Fit (WF) to placethe components
onclusters.

2.4 The workload

Althoughco-allocationis possibleon theDAS, so far it
hasnot beenusedenoughto let us gatherstatisticson the
sizesof thejobs’ components.Beforewe startedour simu-
lationswe couldnot obtaina relevant log from therecently
installedDAS2. However, from thelog of thelargestcluster
(128processors)of theDAS1 we found thatover a period
of threemonths,theclusterwasusedby 20 differentusers
whoran ��	�
 ����� jobs. Thesizesof thejob requeststook 58
valuesin the interval 
 � 
 ������� , for anaverageof

� � � ��� and
a coefficient of variationof

�������
; their densityis presented

in Fig. 1. The resultsare in line with thosepresentedin
the literaturefor othersystems,in that thereis anobvious
preferencefor small numbersandpowersof two [10] (see
alsoTable1).

By samplingthejob-sizedistributionasmeasuredonthe
DAS1wederivetwo distributionswhichweusein oursim-
ulationsfor the total job sizes.DAS-s-128is basedon the
entirelog, while DAS-s-64is obtainedfrom the log cut at� � (theaveragejob sizefor DAS-s-64is

����� � � andtheco-
efficient of variation is

��� 	 � ); the maximumsizeof a job
is reducedto half excluding only

���
of the jobs from the

log—thepercentageof jobsthatrequiremorethan
� � pro-

cessors.We introduceDAS-s-64to checkwhetherlimiting
thetotal job sizeimprovestheperformance.

Whensimulatingtotal requestsin a singleclustertheto-
tal job-sizedistribution is directly used.In themulticluster
case,a sizelimit is setfor thejob components;thenumber
of componentsof a job is computeddependingon thesize
limit so thatno componentis larger thanit, aslong asthe
numberof componentsdoesnotexceedthenumberof clus-
ters. Oncewe decideon the numberof componentsof the
job, we split it into componentsof sizesasequalaspossi-
ble. We considerthreesizelimits for thecomponents:

���
,� � and � � ; with thesizelimit we vary thenumbersandthe

sizesof thejob components(seeTable2).
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Figure 1. The density of the job-request sizes
for the largest DAS1 cluster (128 processor s)

Table 2. The fractions of jobs with the different
number s of components for the DAS-s-128
distrib ution and the three job-component-
size limits

Job-component-sizelimit Numberof job components
1 2 3 4

16 0.513 0.267 0.090 0.211
24 0.738 0.051 0.194 0.017
32 0.780 0.200 0.003 0.017

In the DAS1 log,
��� 
�� ��� jobswererecordedwith both

theirstartingandendingtimes,andwecouldcomputetheir
servicetimes. Influencedby the fact that during work-
ing hoursjobsarerestrictedto

���
minutesof service(they

are automaticallykilled after that period), ��� � � ��� of the
recordedjobsranfor lessthan

���
minutes.Figure2 presents

the densityof servicetime valueson the DAS1, as it was
obtainedfrom the log. Theaverageservicetime is � ����� � �
secondsandthecoefficientof variationis

��� ��� . In oursimu-
lations,weusefor theservice-timedistributionthedistribu-
tion derivedfrom thelog of theDAS, cutoff at ��	�	 seconds
(DAS-t-900). The averageservicetime for the jobs in the
cut log is

���������
andthecoefficientof variationis

��� 	 � .
We include wide-areacommunicationin the model by

extending the service times of all multi-componentjobs
with a factor, independenton the numberof components.
In [14], the performanceof four parallel applicationsin
wide-areasystemsis assessedby comparingthe speedups
of theoriginal applicationson a 64-clustersystemwith the
speedupsof versionsof theapplicationsoptimizedfor wide-
areaexecutionon a 4x16multiclustersystem.For threeof
thefourapplications,thesespeedupsare

� 	 � � and
� � � � ,

� 	 � �
and

�������
(which is counter-intuitive, but the reasonis ex-

plainedin [14]), and
����� � and

�������
, respectively; thefourth

application(All-pair ShortestPaths)hasvery poor multi-
clusterperformance.So for thesethreeapplications,the
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Figure 2. The density of the service times for
the largest DAS1 cluster (128 processor s)

extensionfactorfor multiclusteroperationdoesnot exceed�������
. In [5], experiencesarepresentedwith distributing a

large, wide-areaoptimizedapplicationsolving Einstein’s
equationsacrossfour supercomputersin two locationsus-
ing Globus.For a totalof 1140processors,anefficiency of�����

is cited,whichamountsto anextensionfactorof
����� � .

In addition,in [11] it wasconcludedthat it paysto useco-
allocationwhentheextensionfactoris

�������
. Weuse

�������
as

theextensionfactorof theservicetimesof multi-component
jobs,which is arealisticupperboundfor many application.

We call ”gross utilization” the utilization obtainedfor
the systemwith extendedservicetimes. Sincethereis no
preemptionfor communication,the processorsareconsid-
eredbusyalsowhenthejobsrunningon themareinvolved
in inter-clustercommunication.The”net utilization” takes
into accountonly theprocessorusagefor computationsand
fast local communication,i.e., the non-extendedservice
times. In Sect. 4 we comparethe two typesof utilization
for severalpoliciesandcomponent-sizelimits.

2.5 The schedulingpolicies

In amulticlustersystemwhereco-allocationis used,jobs
canbeeithersingle-componentor multi-component,andin
a generalcaseboth typesaresimultaneouslypresentin the
system.A schedulerdealingwith thefirst typeof jobscan
belocal to aclusteranddoesnotneedany knowledgeabout
therestof thesystem.For multi-componentjobs,thesched-
ulerneedsglobalinformationfor its decisions.

Treatingboth typesof jobs equally or keepingsingle-
componentjobslocalandschedulingonlymulti-component
jobsglobally over theentiresystem,having a singleglobal
scheduleror schedulerslocal to eachcluster, all theseare
decisionsthat influencethe performanceof thesystem.In
[8] we have studiedseveral policies, someof which with
multiplevariations;in this paperweconsiderthefollowing
approaches:

1. [GS] The systemhasone global schedulerwith one



global queue,for both single- and multi-component
jobs. All jobsaresubmittedto theglobalqueue.The
globalschedulerknows at any momentthenumberof
idle processorsin eachclusterandbasedon this infor-
mationchoosestheclustersfor eachjob.

2. [LS] Each cluster has its own local schedulerwith
a local queue. All queuesreceive both single- and
multi-componentjobs and each local schedulerhas
global knowledgeaboutthe numbersof idle proces-
sors. However, single-componentjobs arescheduled
only on the local cluster. The multi-componentjobs
areco-allocatedovertheentiresystem.Whenschedul-
ing is performedall enabledqueuesarerepeatedlyvis-
ited, and in eachround at most one job from each
queueis started.Whenthe job at theheadof a queue
doesnot fit, the queueis disableduntil the next job
departsfrom the system. At eachjob departurethe
queuesare enabledin the sameorder in which they
weredisabled.

3. [LP] Eachclusterhasits own local schedulerwith a
local queueandall thesingle-componentjobsaredis-
tributedamongthelocal queues,andthereis a global
schedulerwith a global queuewhere all the multi-
componentjobsareplaced.Thelocal schedulershave
priority: the global schedulercanschedulejobs only
whenat leastone local queueis empty. Whena job
departs,if oneor moreof the local queuesareempty
boththeglobalqueueandthelocalqueuesareenabled.
If no local queueis emptyonly the local queuesare
enabledandrepeatedlyvisited;theglobalqueueis en-
abledandaddedto thelist of queueswhicharevisited
whenatleastoneof thelocalqueuesgetsempty. When
boththeglobalqueueandthelocalqueuesareenabled
at job departures,they arealwaysenabledstartingwith
theglobalqueue.Theorderin which thelocal queues
areenableddoesnot mattersincethejobs in themare
only startedon thelocalclusters.

In all thecasesconsidered,boththelocal andtheglobal
schedulersusethe FCFSpolicy to choosethe next job to
run.

For comparison,we consider the single-clustercase
where there are only single-componentjobs and we use
FCFSasschedulingpolicy ([SC]).

3 Performanceevaluation

In thissectionweassesstheperformanceof multicluster
systemsfor theschedulingpoliciesintroduced(Sect. 2.5),
for theDAS-t-900,DAS-s-128andDAS-s-64workloaddis-
tributions,for severaljob-component-sizelimits andfor dif-
ferentwaysof distributingthejobsacrossthelocal queues.

We comparethe resultsto thosefor a single clusterwith
FCFS.

Thesimulationsarefor a multiclusterwith � clustersof
� � processorseachandasingleclusterwith

�����
processors.

For the policieswherelocal queuesaredefined,we com-
parethe balancedcase(all local queuesreceive the same
percentageof jobs) to theunbalancedcasewhenonelocal
queuereceives��	 � andtheotherthree

� 	 � of thejobssub-
mittedlocally. Thesimulationprogramswereimplemented
usingtheCSIM simulationpackage[13].

In this sectionwe only look at thegrossutilization,and
depicttheresponsetimeasa functionof thisutilizationbe-
causethatis a fair basisfor comparingthepolicies.For SC
thereis nowide-areacommunicationandthenetutilization
is equalto thegrossutilization. In the figures,the legends
describethecurvesin decreasingorderof theirperformance
(right-left).

Section3.1 makesa generalcomparisonof thepolicies.
In Sect. 3.2 we study the effect of limiting the total job
size. Section3.3 discussesthe impacton performanceof
the job-component-sizelimit. Section4 comparesfor all
thepoliciesandsizelimits thegrossandthenetutilization,
which shows how efficient the global applicationsusethe
grossutilizationoffered.

3.1 Comparing the policies

In this sectionwe comparethethreepoliciesdefinedfor
multiclustersto the FCFSpolicy in a single cluster. For
multiclusters,with the maximumjob-componentsize we
varythenumbersandsizesof job components;it influences
theperformanceby modifyingthewayjobsfit togetherand,
throughthe percentageof single-componentjobs, the per-
centageof jobswith extendedservicetimes.

3.1.1 Multiclusters versussingleclusters

In this sectionwe comparethefour policiesfor eachof the
threejob-component-sizelimits. For SCthesizelimit does
not influencethe results,so the SC curvescanbe usedas
a referencefor the graphsin Fig. 3. With the workload
consideredthe performanceis poor for all policiesandall
sizelimits. Evenfor totalrequeststhemaximalutilizationis
below 	 ����� . Thisseemsto indicatethatthebadperformance
is causedby thetotalsizesof thejobs;wefurtherinvestigate
thisaspectin Sect.3.2.

Even though it restrictssingle-componentjobs to the
local clustersandusesco-allocationto scheduleits many
multi-componentjobs( � ��� � � ) for which theservicetimes
areextendeddueto theglobalcommunication,LS performs
muchbetterthanthe othermulticlusterpolicies for a size
limit of

���
; it also provides a higher maximal utilization

thanSC, but a part of that utilization is spentwaiting for
the wide-areacommunication,so SC is still significantly
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Figure 3. The performance of the policies for job-component-size limits of
���

,
� � and � � (left-right); for

LS and LP we depict results with balanced local queues (top) and unbalanced local queues (bottom)
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Figure 4. The response times for job-component size limits of
���

,
� � and � � (left-right) close to LP’s

saturation point; for LS and LP the local queues are balanced (top) and unbalanced (bottom)

better(seealso Sect. 4). The main advantageof LS is
thatit distributesthemulti-componentjobsamongthelocal
queuesallowing thelocal schedulersto spreadthemacross
theclusters;at eachmomenta job canbechosenfrom any
of the local queues,which generatesa form of backfilling
with a window equalto the numberof clusters. For size

limits of
� � and � � , wherethereareonly

���������
and

����� 	 �
multi-componentjobs respectively, theperformanceof LS
is worse. In all the graphsLP displaysthe worst results
becauseall the multi-componentjobs areplacedin a sin-
gle globalqueue,andall thesingle-componentjobsarere-
strictedto the local clusters.AlthoughGS hasonly a sin-



gle global queue,it is consistentlybetterthanLP, andfor
a sizelimit of � � (whentherearemany local jobs) it even
approachesLS; this is dueto thefactthatit hasthefreedom
to choosetheclustersfor thesingle-componentjobs.

In itself, thefact thata multiclusterpolicy canhave sim-
ilar performanceto SCin termsof grossutilization makes
co-allocationa good option, showing that the fragmenta-
tion causedby having multiple clusterscanbe overcome.
Evenwhenpossible,admittingonly single-componentjobs
would result in a lower utilization asour previous results
have shown (see[7]). Combiningtheseresults,it seems
thatamulticlustersystemwithoutco-allocationdealsworse
with the fragmentation. The internal loss of utilization
causedby the slow global communicationshouldbe han-
dledby structuringtheapplicationsto usethehigh utiliza-
tion offeredby someof thepolicies,while minimizing the
amountof time spentwith wide-areacommunication.An
applicationinvolvedin lessglobalcommunicationcanben-
efit betterfrom a policy thatusesco-allocation.

3.1.2 Balancedversusunbalancedlocal queues

Comparingthe balancedandunbalancedcasesfor LS and
LP (seeFig. 3) we noticethat an unbalancedload for the
local queueshasa negative impacton performance.Since
for both GS andSC all jobs go to the global queue,their
curvescanbeusedasareferencewhencomparingthepairs
of balanced-unbalancedgraphsfor LS andLP.

The worseningof the performanceis morepronounced
for LS, especially for larger job-component-sizelimits,
whenthereis a higherpercentageof local jobs. Onecause
is thattheleastloadedqueuesgetemptysooner, which de-
creasesthebackfillingwindow for theglobal jobs. Thede-
teriorationis strongerwhen thereis a high percentageof
local jobs which indicatesa secondcause:the local jobs
arerestrictedto their correspondingclusters,anda higher
percentageof (local) jobs in a queuemeansa higher load
for thelocal cluster;besides,their clustercanbeusedwith
equalpriority byglobaljobsfromtheotherlocalqueues.As
aresult,themoreloadedlocalqueuesaturatesfasterthanin
thebalancedcase,decreasingthiswaythemaximalutiliza-
tion of the system. For a sizelimit of � � andunbalanced
local queues,LS performsworsethanGS andsimilarly to
LP.

For LP the performancedeteriorationdueto the unbal-
anceof the local queuesis small for all size limits. All
global jobs go to the global queue,and the local queues
have priority on their local clustersaslong asnoneof them
is empty. Whenthereare few local jobs, the loadsof all
localqueuesarelow evenin theunbalancedcase(for a size
limit of

���
themostloadedlocal queuereceives

� 	 � ��� of
all jobs);for ahighpercentageof localjobsthelocalqueues
accesstheirclusterswith priority, whichreducestheimpact
of theunbalance.Evenwhena local queuegetsemptyand

multi-componentjobsfrom theglobalqueuearestarted,the
useof WF insuresthattheleastloadedclustersarechosen.

3.1.3 LP approachingsaturation

For LP, wecanexpectthattheperformancediffersbetween
theglobalandlocal queues.In Fig. 4 we depictfor theLP
policy, besidethetotal averageresponsetimes,theaverage
responsetimesfor thelocalqueuesandfor theglobalqueue.
Besidethegrossutilizationwedisplayin eachchartthecor-
respondingnet utilization. The figure shows the samere-
sultsasFig. 3, but for a smallsetof utilizationvaluescho-
sensothatat leastoneof thepoliciesapproachessaturation.
This representationmakesit easierto comparetheresponse
timesof thepoliciesbut hasthelimitation of providing less
information.At thechosenutilizationvalues,LP, thepolicy
with theworstperformance,is approachingsaturation—the
globalqueuegrowswithout bounds.As a consequence,we
caneasilyseefor LP thedifferencesin responsetimes,for
exampleamongthe balancedandunbalancedcases,even
thoughasthe graphsin Fig. 3 show thesedifferencesare
small.On theotherhand,if wecomparetheresponsetimes
for the”better” policieslike LS, thechartsdo not show the
significantperformancelossfrom theunbalancedcase.At
the utilizationsfrom Fig. 4, LS is on a very low point on
its response-timecurve and its performanceis very good
in both the balancedandthe unbalancedcases.LP delays
the large multi-componentjobs much longer thanLS and
its performancebottleneckis theglobal queueandnot the
local ones. This is shown in Fig. 4 wherefor LP the av-
erageresponsetimesfor the global queuearemuchlarger
thanthosefor the local queues.Theresponsetimesfor the
globalqueuearedisplayedonthecorrespondingbarsin the
charts.

3.1.4 Conclusions

We concludethat for a systemwith a workloadsimilar to
thatof theDAS, andanoverheaddueto thewide-areacom-
municationcoveredby the

�������
extensionfactor, the LS

policy is thebestoption.In all thecasestheperformanceis
verypoor: for all job-component-sizelimits, bothin thebal-
ancedandtheunbalancedcases,andevenfor total requests.
Themaincauseseemsto be the total job-sizedistribution,
andnot thejob-component-sizelimit, theglobalcommuni-
cation, the policies,or the extra fragmentationintroduced
by schedulingmulti-componentjobs in a multiclustersys-
tem.We verify thisassumptionin thenext section.

3.2 Limiting the total job size

In the job-sizedistribution derived from the DAS, only���
of the jobs requiremore than

� � processors(out of
which

�������
need

�����
processorsto run,which is theentire



system).Our assumptionis that eliminatingfrom the dis-
tribution this smallpercentageof very large jobscanbring
importantchangesto ourpreviousresults.

Figure 5 comparesthe performanceof the DAS-s-128
and the DAS-s-64distributions for the four policies dis-
cussedbefore,a job-component-size-limitequalto

���
and

balancedlocalqueues.Wechoosethissetof parametersbe-
causethey previously providedthemostinterestingresults
(LS betterthanSC).
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Figure 5. The response times for maximal to-
tal job size 64 and 128 (job-component-size
limit

���
, balanced local queues)

With DAS-s-64,the improvementsin performanceare
largefor LS, andevenmoresofor SC.Whena job requir-
ing

�����
(or a similarly largenumberof) processorsis at the

top of thequeue,SCwaitsfor theentiresystemto become
empty, whichyieldsa very low utilization. LS on theother
handcanrun jobs from theotherqueuesandpostponethe
largejob until eithertheotherqueuesareempty, or they also
have at the top large jobsthatdo not fit. For DAS-s-64the
largestjobs in the systemrequireonly half of the proces-
sors,which improvesthe utilization of SC anddiminishes
theadvantageof LS.

LP andGS alsoperformbetterfor DAS-s-64. Sinceit
givesthe local queuespriority, with LP thevery large jobs
in theglobalqueuearemuchpostponedfor DAS-s-128.For
DAS-s-64jobsaresmaller, andLP outperformsGSbecause
it canbenefitfromhaving morequeues(alsoaformof back-
filling but worsethanin thecaseof LS sinceall globaljobs
go to theglobalqueue).

A very small percentageof very large jobs cansignifi-
cantly worsenthe performance,andratherthandesigning
a complicatedpolicy to dealwith suchjobs,simply impos-
ing a maximumsize for the jobs submittedto the system
bringsmore importantimprovements. Of course,for the
userswhosejobsarelargerthanthelimit allowed,comply-
ing to this restrictiontranslatesinto reconfiguringtheir jobs
to usefewer processorsandacceptingthe consequenceof

having longerservicetimes. The extensionof the service
timesis highly dependenton thespecificapplication.

3.3 Setting the job-component-sizelimit

In this sectionwe evaluatethe performanceof GS, LS
andLP dependingon the maximumsizeadmittedfor the
job components.We comparethreesizelimits:

���
,
� � and

� � (seeFig. 6), andusetheDAS-s-128distribution.
Having smallerjob componentsimproves the system’s

performance,but having many componentsrelative to the
numberof clustersdeterioratestheperformance.A smaller
sizelimit alsomeansmoremulti-componentjobs,somore
jobs with extendedservicetimes,which alsoworsensthe
performance;for a size limit of

���
thereare

����� � � more
multi-componentjobsthanfor asizelimit of � � . Addingup
all thesefactors,for GSa sizelimit of � � providesslightly
betterresultsthan

���
.

For LS, dueto thebackfilling effect andto the fact that
multi-componentjobscanbespreadacrossany of theclus-
ters,while the single-componentjobs arerestrictedto the
localclusters,asmallersizelimit becomesanimportantad-
vantage.For this policy a sizelimit of

���
is a muchbetter

choicethana sizelimit of � � . Comparingthebalancedand
unbalancedcasesfor LS wenoticethattheperformancede-
terioratesmorewhenthelocal queuesarenot balancedfor
a sizelimit of � � . Thequeuereceiving extra loadcanplace
themulti-componentjobsalsoonotherclusters,but it hasto
keeplocal thesingle-componentjobs,overloadingthelocal
cluster. It meansthatthemoresingle-componentjobsthere
are,themorewill thesystembeaffectedby theunbalance.

For LP, all multi-componentjobsgo to theglobalqueue
andonly the single-componentjobs arespreadamongthe
local queues.Smallerlocal jobsfit better, andfewer local
jobsmeanfewer jobsrestrictedto thelocal clusters.Fewer
local jobsalsomeanthatthe local queuesemptyfasterand
theglobalqueuegetsmoreoftenthechancetostartjobs.On
the otherhand,the globalqueuehaslow priority whenno
local queueis empty, andthe moreglobal jobs, thehigher
theaverageresponsetime for thosejobs. As Fig. 6 shows,
LP performsbetterfor a sizelimit of

���
thanfor � � , but the

differenceis small in boththebalancedandtheunbalanced
cases.

For all the policies,the worst resultsareobtainedfor a
job-componentsize limit of

� � . Sinceall the factorsdis-
cussedabovewouldplaceasystemwith limit

� � in between
the other two cases,the reasonfor this very large differ-
encein performanceshouldbein theway jobsfit together
in the system,dependingon the sizelimit of their compo-
nents. For a size limit of

� � , the jobs split up differently
areonly thosewith sizes(integers)in the intervals 
 � ��
 � � �
and 
�����
-� ��� whencomparedto asizelimit of

���
, andthein-

tervals 
 ��� 
.� ��� , 
 ����
 � � � and 
�����
.� ��� whencomparedto � � .
Sincefor GSandLP theperformanceis verysimilarfor size
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Figure 6. The performance of LS, LP and GS (left-right) depending on the size limit of the job compo-
nents. For LS and LP both the balanced (top) and unbalanced (bottom) cases are depicted

limits of
���

and � � , it makessenseto look for the reason
of the muchworseperformancewhenthe size limit is

� �
in theinterval 
 ����
 � � � , which containsthejobssplit differ-
ently comparedto both theotherlimits. Checkingthe log,
we found that the mostrelevant sizein that interval is

� � :� � � 	 � of thejobs in thelog have this size.For a sizelimit
of

���
, thecorrespondingjob requestis / ��� 
 ��� 
 ��� 
 ����0 , for

a sizelimit of � � it is /1� � 
.� � 
-	�
-	 0 andfor a limit of
� � we

obtain / ��� 
 ��� 
 ��� 
.	 0 . Consideringanemptysystemwhich
receivesajob of size

� � , in thefirst two casesafterthejob is
placedtherearemany jobs,with differentnumbersof com-
ponentsandsizesup to

� � thatwouldstill fit in thesystem.
However, in thethird caseonly single-componentjobswith
maximumsizesof

� 	 and
���

canfit in threeof theclusters,
andsingle-componentjobswith amaximumsizeof

� � (due
to thesizelimit) in thefourth, emptycluster. A secondjob
with asizeof

� � wouldalsofit in thefirst two cases,but not
in thethird.

4 Grossversusnet utilization

In Sect.3 we have studiedtheaverageresponsetime as
a function of the grossutilization. In this sectionwe dis-
cussthe differencebetweengrossandnet utilization, and
quantifythis differencefor thecasesconsideredin Sect.3.
We have definedin Sect. 2.4 the net and the grossuti-
lization basedon the job servicetimes in single clusters
with fastlocalcommunication,andon theextendedservice
times(at least,for multi-componentjobs)to accountfor the
slow wide-areacommunications,respectively. The differ-

encebetweentheseutilizationsis thecapacitylostinternally
in multi-componentjobsdueto slow wide-arealinks. This
internalcapacitylossmightbereducedby restructuringap-
plicationsor by having themuse(collective-) communica-
tion operationsoptimizedfor wide-areasystems.

Theperformanceof amulticlusterpolicy maylook good
when consideringthe responsetime as a function of the
grossutilization,but, whenthereis muchinternalcapacity
loss,theperformanceasa functionof thenetutilization (or
of the throughput)may be poor. This ”real” performance
of a multiclusterpolicy would improve with moreefficient
applicationsor with fasterglobal communication(smaller
extensionfactor).In theextremecase,if theglobalcommu-
nicationwasasfastasthe local communication,LS would
sometimesprovide even betterperformancethan SC (see
Fig. 3).

In Fig. 7 we depict the averageresponsetime for our
threepolicies,for theDAS-s-128job-sizedistribution,and
for thethreejob-component-sizelimits asafunctionof both
the grossand the net utilization. For LS and LP the lo-
cal queuesare balanced;the resultsfor unbalancedlocal
queuesdo not bring additionalinformation. To assessthe
differencebetweenthetwo utilizationsfor a specificpolicy
andjob-component-sizelimit atacertainresponsetime,one
shouldcomparethe graphsin the horizontaldirection. Of
course,for thesameworkload(definedby thearrival rate,
andso,by thenetutilization)andjob-component-sizelimit,
thedifferencebetweenthegrossandthenetutilizationis the
samefor all schedulingpolicies,albeitat possiblydifferent
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Figure 7. The response time as a function of the gross and the net utilization for the LS, LP and GS
policies and for the three job-component-size limits (balanced local queues for LS and LP)

responsetimes.

In our model, job sizesandjob servicetimesare inde-
pendent.Thismeansthatwecancomputetheratiobetween
thegrossandthenetutilization,independentof theschedul-
ing policy, asthequotientof theweightedaveragetotal job
sizewith single-componentjobshaving weight

�
andmulti-

componentjobs having weight
�������

(the extensionfactor)
andtheaveragetotal job size. For theDAS-s-128job-size
distributionwefind for thejob-component-sizelimits of

���
,� � , and � � ratiosof grossandnetutilizationof

���������
,
���2� ��� ,

and
������� � , respectively.

Thedifferencebetweenthegrossandthenetutilization
grows with a decreaseof the job-component-sizelimit—
the more multi-componentjobs the higher the amount
of global, slow communication—andwith the numberof
(multi-component)jobs that fit on the system—whenjobs
fit better, theworkloadcanbehigher, entailingmoreglobal
communication.For thesereasons,for all thepoliciesajob-
component-sizelimit of

���
yieldsa largerdistancebetween

thecurvesof thenetandgrossutilizationsthan
� � and � � .

For asizelimit of
� � thereare � � ��� moremulti-component

jobsthanfor � � , but sincejobsfit verypoorly, thegrossand
netutilizationsareclosertogetherwhenthesizelimit is

� � .
Comparingthe policies,we notice that for a size limit of���

, LS yields a muchbetterutilization, andso alsomore
wide-areacommunication,thantheotherpolicies,andasa
consequence,it hasthelargestdifferencebetweenthegross
andthenetutilization.For component-sizelimits of

� � and
� � theamountof utilizationspentin globalcommunication
is rathersimilar for all threepolicies.

In [9], we have studiedthemaximalutilization (beyond
which the systemgetsunstable)of co-allocationwith an-
alytic means(whenthe servicetimesareexponential)and
with simulations.Both methodsonly work whenthereis a
single,globalqueue,soin thecasesof GSandSC.In these
simulations,we maintaina constantbacklogand observe
the time-averagefraction of processorsbeingbusy, which
yields the maximalgrossutilization. For GS, the simula-



Table 3. The maximal gross and net utiliza-
tions for different job-component-size limits
for the GS policy

maximalutilization
job-component-sizelimit gross net��� 	 � ����� 	 � � � �� � 	 � �3� � 	 � � � �

� � 	 � � � � 	 ����� �

tionsproducedthevaluesfor themaximalgrossutilization
as in Table 3; the maximalnet utilizationsare then com-
putedwith the ratiosbetweenthe two typesof utilization.
Thesevaluesare in very goodagreementwith the graphs
for GSin Figure7. For SC,oursimulationsgave usa max-
imal utilizationof 	 ������� (cf. thecurve for SCin Fig. 3).

5 Conclusions

In this paper we have evaluated the performanceof
several schedulingpoliciesfor co-allocatingunorderedre-
questsin multiclusterswith a workload derived from the
DAS. Thebestpolicy provedto beLS, with a performance
comparablein somecasesto usingFCFSfor total requests
in a singlecluster.

Studyingthe job sizes,we have observed that a small
percentageof jobs with total sizescloseto the sizeof the
systemcanstronglyimpacton performance.Althoughthe
choiceof policy doesmatter for the performance,when
dealingwith very large jobs requiring (almost)the entire
systemto run,wefoundthatby far thelargestimprovement
in performancecan be obtainedfrom simply limiting the
total job size.

When choosing the job-component-sizelimit, care
shouldbe takenthat the jobs of the total sizesthat occur
mostoften(in our log

� � � of the jobsareof size
� � !) are

split up in a way thatmakesthemeasyto fit in thesystem.
Whenboththeclusters’sizesandthemostpopulartotal job
sizesarepowersof two, a limit that is alsoa power of two
makessense.

In multiclustersystemswehaveto dealwith asignificant
amountof processortimespentwaitingfor theglobalcom-
munication.However, co-allocationremainsaviableoption
while thedurationof theglobalcommunicationis covered
by anextensionfactorof

�������
.

For somepolicies,suchasLS, a higheramountof co-
allocation—goingfrom componentsizelimit of � � to

���
—

cansignificantlyimprovetheperformance,while for others
(LP, GS)it doesnot. Moreco-allocationbringsalongmore
flexibility in spreadingthe jobs over the system,but also
moreglobalcommunication.For a policy thatcantakead-
vantageof it, this flexibility cancompensatethe disadvan-

tageof slowercommunication.
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